The retinal and cerebral microvasculature share many morphological and physiological properties. Perivascular Spaces (PVS), also known as Virchow-Robin spaces, are visible with increasing resolution with the ongoing improvement of brain MRI technology. We investigated the associations between quantitative retinal measurements and novel computational PVS parameters in a cohort of older people in their eighth decade.
INTRODUCTION
Due to the developmental, anatomical and physiological similarities of the cerebral and retinal vessels, and the ease with which the retinal microvasculature can be imaged in vivo, there has been considerable interest in determining whether pathologic changes in the retinal vessels parallel changes in cerebral vascular health, in particular in small vessel disease (SVD).
Morphological features of the retinal vasculature are associated with stroke, especially small vessel disease (lacunar) stroke [1] [2] [3] [4] . Arteriolar branching coefficients of retinal vessels have also been associated with periventricular and deep white matter hyperintensities (WMH) 5 . Reduced fractal dimension (a measure of the complexity of the retinal vascular network) in older people has been related to WMH load and total small vessel disease (SVD) burden 6 and narrower retinal arteriolar calibre to more visible perivascular spaces (PVS) on brain magnetic resonance imaging (MRI) 7 . Retinopathy has been associated with dementia as well, although associations with retinal vascular features are less clear 8 .
Visible PVS, known also as Virchow-Robin spaces, are seen with increasing clarity in brain MRI in older subjects, in SVD, and other neurological disorders 9 . PVS are fluid-filled compartments surrounding small perforating brain microvessels (usually arterioles). They are thought to act as conduits for fluid transport, exchange between cerebrospinal fluid (CSF) and interstitial fluid (ISF) and clearance of waste products from the brain 10 . PVS are visible on T2w and T1w MRI when enlarged as thin linear or punctate structures (depending on scan orientation), oriented with perforating vessels, of similar signal to CSF 11, 12 , having a diameter smaller than 3mm 13, 14 . PVS numbers have been reported to increase with age, with other brain SVD features 13 , as well as with vascular risk factors, especially hypertension, in common brain disorders including stroke, mild cognitive impairment, and dementia including of vascular subtype 9, 15 .
To date, the quantification of enlarged PVS visible in MRI scans has mainly relied on qualitative ordinal visual scores 16 . Whilst shown to provide valuable information about PVS in aetiological studies to date, these scales are inherently insensitive to small details due to their limited number of categories, floor and ceiling effects, and may be affected by observer bias 16 . Computational tools for PVS quantification have been developed in the last five years [17] [18] [19] [20] . The method by Ballerini et al. 20, 21 was able to segment PVS in the centrum semiovale and enabled quantification of several PVS features, including the total count and total volume per individual subject's brain, plus the size, length, width, shape and direction of each individual PVS. All these can then be analysed as mean or median per individual subject 20 or indeed per brain region. Previously, we showed good agreement between PVS visual rating and computational measures 20, 21 . We also showed associations between PVS individual widths and volume and WMH, which could indicate stagnation (manuscript under review).
Here we investigated the associations between computational PVS measurements and retinal vascular measurements to determine if changes in PVS morphology such as increased size or number were related to changes in retinal arteriolar or venular morphologies as a surrogate for altered intracranial microvessel morphologies.
MATERIALS AND METHODS
We used data from a subsample of the Lothian Birth Cohort 1936 (LBC1936) 22 , a community-dwelling cohort being studied in the eighth decade of life. The LBC1936 comprises 1091 individuals survivors of the Scottish Mental Health Survey of 1947, who were recruited into the study at the age of 69. Of these, 866 were tested at the second wave of recruitment, at mean age 72.55 years (SD 0.71), of whom 700 had structural MRI scans, and 814 had retinal scans of both eyes. Analyses were based on subjects with retinal and MRI data that could be processed successfully.
All participants gave written informed consent under protocols approved by the Lothian (REC 07/MRE00/58) and Scottish Multicentre (MREC/01/0/56) Research Ethics Committees (http://www.lothianbirthcohort.ed.ac.uk/).
All clinical and imaging acquisition methods and the visual and computational assessment of WMH and PVS visual scores in this cohort have been reported previously [22] [23] [24] . Briefly, medical history variables (hypertension, diabetes, hypercholesterolemia, cardiovascular disease history (CVD), smoking and stroke) were assessed at the same age as brain imaging. A history of CVD included ischaemic heart disease, heart failure, valvular heart disease and atrial fibrillation. Stroke data included clinically diagnosed stroke and also those with any ischaemic or haemorrhagic stroke seen in MRI scans in subjects with no clinical history of stroke. All medical history variables were coded as binary variables, indicating presence (1) or absence (0). Structural brain MRI data were acquired using a 1.5-Tesla GE Signa Horizon HDx scanner (General Electric, Milwaukee, WI), with coronal T1-weighted (T1w), and axial T2-weighted (T2w), T2*-weighted (T2*w) and fluid-attenuated inversion recovery (FLAIR)-weighted whole-brain imaging sequences; details in 23 .
Intracranial Volume (ICV) and WMH volume were measured on T2w, T1w, T1*w and FLAIR scans using a validated semi-automatic pipeline published in full previously 25 . For this study we express WMH as percentage of ICV.
The computational assessment of PVS used the T2w images acquired with 11,320ms repetition time, 104.9ms echo time, 20.83 KHz bandwidth, 2mm slice thickness, and 256 x 256mm field-of-view. The images were reconstructed to a 256 x 256 x 80 matrix, 1mm in-plane resolution. PVS were segmented in the centrum semiovale with the method described in 20 . This method uses the three-dimensional Frangi filter 26 to enhance and capture the 3D geometrical shape of PVS. It then calculates the PVS count and volume using connected component analysis 27 . The PVS count was defined as the number of connectedcomponent objects in the segmented images. The PVS total volume was the total number of voxels classified as PVS. Individual PVS features (size, length, width) were also measured using connected component analysis. `PVS size' was defined as the volume of each individual PVS to avoid confusion with `PVS volume' which was the total volume of all the PVS in an individual subject. PVS length and width were defined, respectively, as the length of the longest and second-longest elongation axes of the ellipsoid approximating the PVS (see Figure 2b ). Mean, median, standard deviation and percentiles of length, width and size were calculated for each subject. Before statistical analysis, the segmented PVS binary masks, superimposed on the T2W images, were visually checked by a trained operator (LB), and accepted or rejected blind to all other data. Images were deemed acceptable if the computational method was able to detect a reasonable amount of visible PVS, and did not detect too many artefacts as PVS. A small amount (< 20%) of false positives and negatives was considered acceptable. An example of PVS segmentation is shown in Figure 1 .
[INSERT FIGURE 1 ABOUT HERE]
Digital retinal fundus images were captured using a non-mydriatic camera at 45° field of view (CRDGi;
Canon USA, Lake Success, New York, USA). All images were centred on the optic disc 28 and arteriole-to-venule ratio (AVR), arteriolar and venular fractal dimension (FDa, FDv). CRAE, CRVE and AVR [31] [32] [33] were included as standard features summarizing the widths of major vessels near the optic disc. Based on recent findings on the associations between retinal features and brain imaging markers of SVD on this cohort 6 , we also used FD.
[INSERT FIGURE 2 ABOUT HERE]
We used all subjects with suitable PVS and retinal data from both eyes. Following recommendations from previous studies and considering that symmetry of any retinal or ocular structure, or the brain and major vessels to which it is connected, cannot be assumed 34 , we analysed associations with each eye separately.
First, we compared the proportion of the sample for which all computational measures were available to those who were excluded using Welch two sample t-tests and chi-squared tests. Next we generated the descriptive statistics for all the variables involved in the analysis and calculated the bootstrapped bivariate cross-correlations between the retinal and brain variables, and controlled for false discovery rate (FDR).
Finally, we estimated a series of generalized linear models to detect the associations between retinal vascular measures and PVS metrics. We adjusted for age, gender and vascular risk factors (hypertension, hypercholesterolemia, diabetes, cardiovascular disease, stroke and smoking).
RESULTS
PVS parameters were computed successfully in 540 out of 700 MRI images (77%). MRI scans that could not be processed successfully mainly contained motion artefacts that appeared as parallel lines similar to PVS. Fundus images of both eyes were available for 814 patients. Retinal measurements were computed successfully in both eyes for 601 out of 814 (74%) subjects. A total of 381 participants had both retinal and PVS measurements suitable for this study. Figure 2 shows a flowchart visualizing of the selection of our analytic sample.
[INSERT FIGURE 3 ABOUT HERE]
Participants excluded from the retina-PVS analysis, due to missing either PVS or retinal data, did not differ from those included as to the proportion by gender, with diabetes, CVD and smokers. However, the group with successful computational PVS and retinal assessment were younger by an average of 44 days (included = 72.47 years, excluded = 72.60, p<0.01). The groups also differed in the proportion of patients with hypertension (included 43.31%, excluded 53.61%) and hypercholesterolaemia (included 34.91%, excluded 45.98%) indicating that the participants who were older, with more co-morbidities and therefore likely frailer were less likely to generate imaging that could be analysed computationally.
The descriptive statistics of the data are given in The cross-correlation matrix showing the bivariate associations among brain variables (PVS total volume, count, length, width, size) and retinal vascular measurements (CRAE, CRVE, AVR, FDa, FDv) is shown in Table 2 . The PVS total volume and count were negatively correlated with left CRAE and AVR ( Figure   5 ). No significant association was found between venular width and PVS. The total volume of PVS and the individual PVS size and width were negatively correlated with the arteriolar FD of the left eye. These results survived FDR correction. The direction of effect was similar for the right eye but did not reach significance (all p>0.01). In Table 2 can also be observed that the PVS measurements are all strongly associated. The correlations of retinal measures of the left-right eye are not high.
[INSERT TABLE 2 ABOUT HERE] [INSERT FIGURE 5 ABOUT HERE]
We also tested for significant bivariate associations using general linear models (Table 3) 
DISCUSSION
We found that increase in PVS size, number, width are associated with narrower retinal arterioles, suggesting that perivascular enlargement reflects microvessels changes that are in keeping with microangiopathy. We found that an increasing number of abnormal PVS was associated with decreased arteriolar and venular fractal dimension, indicating reduced branching complexity, independent of covariates.
To our knowledge, this is the first study to evaluate associations of multiple computational measures of PVS enlargement with retinal vascular measurements. Only one previous study reported associations between retinal vessel width and PVS using visual rating scales 7 . The previous study 7 found that narrower arteriolar calibre, and to a lesser extent wider venular calibre, were significantly associated with higher numbers of PVS. The authors hypothesized that a failure in the CSF transmission may result in hemodynamic pressure differences that might manifest in changes in vascular calibre. They also hypothesized that narrower arterioles may lead to hypoperfusion, resulting in atrophy, and thus to PVS enlargement. Our negative associations between computational PVS metrics and arteriolar calibres are in the same direction. However, we did not find significant associations with venular calibres. Our findings support the hypothesis that increasing PVS total volume, count and individual size are a marker primarily of arteriolar pathology in the brain. There is some suggestion of venular disease in ageing, SVD and dementia 35 . However, our results do not support an association of PVS and venular pathology.
A previous study, using this same cohort 6 also reported associations between fractal dimension and SVD features, although mainly WMH, but the authors did not find associations with PVS. However, this analysis used a visual rating scale and considered PVS only in the basal ganglia, while the current computational measurements are in the centrum semiovale. This supports the hypothesis that the vascular drainage system differs in different brain regions, possibly due to regional variations in the vessel and PVS anatomy including fibrohyaline thickening, lipohyalinosis and cerebral amyloid angiopathy. In turn, these changes may affect vessel-brain fluid exchange and PVS morphology [36] [37] [38] .
The present findings add further support to the hypothesis that retinal fractal dimension is a possible indicator of the state of health of the brain vasculature and might have a significant associations with changes taking place in cerebral small vessels 6 . In line with our results, a previous study 39 reported that decreased retinal arterial fractal dimension was associated with cerebral microbleeds, suggesting that these retinal measures may correlate with the same manifestations of cerebral small vessel disease. It should however be kept in mind that the stability of the FD of the retinal and brain vasculature is under scrutiny 40, 41 .
Several clinical and population-based studies have shown associations between retinal vascular changes
and markers of cerebral small vessel disease, as summarised in 39 . This paper provides an overview of findings on the application of retinal imaging to the study of dementia and stroke, suggesting that changes in retinal vascular measures may be an early manifestation of cerebral SVD 42 . A systematic review and meta-analysis of associations between retinal vascular morphologies and dementia 8 , found conflicting results for vessel calibre measurements, with the most consistent finding being a decreased fractal dimension in Alzheimer's disease. A decreased fractal dimension, indicating a sparser retinal vasculature, was also observed in lacunar versus non-lacunar stroke 1 .
Although smoking was only used as covariate in our study, we found a significant association of smoking with PVS size and width in the models predicting fractal dimension. This is consistent with previous studies indicating the deleterious effects of smoking on brain structure 43, 44 and increased total burden of SVD 45 . However this conflicts with findings from the Three-City Dijon MRI study that did not find associations between smoking and PVS visual scores 46 .
Eye laterality also deserves attention. Some studies choose to analyse the eye with the best image quality 7 ; others randomly use either the left or right eye 47 . We decided to analyse the associations with both eyes separately and found asymmetric results. This supports some of the conclusions of the laterality study by Cameron et al. 34 . Future work could investigate the reasons for this, potentially looking at the carotid Doppler data 48 . Strengths of our study include the use of multiple computational measurements of PVS burden, the careful blinding of retinal and brain image analysis, and the inclusion of relevant risk factors and vascular disease.
In conclusion, our study shows that elderly persons with retinal changes as narrower arterioles and reduced branching complexity are more likely to have higher PVS burden. This suggests that the retinal microvasculature can exhibit parallel signs of microvascular damage in the brain. Further studies are required to understand these mechanisms and their relation to dementia and stroke 10 . Participants with fundus image of both eyes n=814
Participants with MRI scans of the brain n=700
Participants with successful retinal measurement of both eyes n=601
Participants with successful PVS measurements n=540
Participants with retinal and PVS measurement n=381
213 rejected due to poor image quality/known pathologies/only one suitable for measurements 160 rejected due to poor image quality/artefacts 
